We examined the frequency specificity of amplitude envelope patterns in 4 frequency bands, which universally appeared through factor analyses applied to power fluctuations of critical-band filtered speech sounds in 8 different languages/dialects . Sci. Rep., 7 (42468)]. A series of 3 perceptual experiments with noise-vocoded speech of Japanese sentences was conducted. Nearly perfect (92e94%) mora recognition was achieved, without any extensive training, in a control condition in which 4-band noise-vocoded speech was employed (Experiments 1e3). Blending amplitude envelope patterns of the frequency bands, which resulted in reducing the number of amplitude envelope patterns while keeping the average spectral levels unchanged, revealed a clear deteriorating effect on intelligibility (Experiment 1). Exchanging amplitude envelope patterns brought generally detrimental effects on intelligibility, especially when involving the 2 lowest bands ((1850 Hz; Experiment 2). Exchanging spectral levels averaged in time had a small but significant deteriorating effect on intelligibility in a few conditions (Experiment 3). Frequency specificity in low-frequency-band envelope patterns thus turned out to be conspicuous in speech perception.
Introduction
It is common to decompose speech signals into two parts: temporal fine structures and amplitude envelope patterns (e.g., Chiba and Kajiyama, 1942; Johnson, 2012; Rosen, 1992; Ding et al., 2017; Smith et al., 2002; Zeng et al., 2004) . Temporal fine structures are important not only in perceiving speech features, e.g., voiced vs. voiceless distinction, intonation, and individuality, but also in distinguishing a target speech from other environmental sounds or speech signals (Eaves et al., 2011; Bernstein and Brungart, 2011; Rosen et al., 2013) . In contrast, when no other distractive sound is present, listeners can extract speech information with little or without depending on temporal fine structures. This issue has been investigated with several different approaches using various degraded speech, including time compressed speech (Fairbanks and Kodman, 1957) , locally time-reversed speech (Steffen and Werani, 1994; , temporal envelope smeared speech (Drullman et al., 1994a; 1994b) , spectrally and temporally smeared speech (Broussard et al., 2017) , mosaic speech (Nakajima et al., 2018) , and, among others, noise-vocoded speech (Shannon et al., 1995) , which conveys just amplitude envelope patterns in several noise-bands covering the speech frequency range.
Noise-vocoded speech sentences can be intelligible when four or more frequency bands are employed (e.g., Shannon et al., 1995 Shannon et al., , 1998 Dorman et al., 1997; Smith et al., 2002; Riquimaroux, 2006) . Many studies on the perception of noise-vocoded speech employed stimuli with logarithmically divided frequency bands (e.g. Dorman et al., 1997; Eisenberg et al., 2000; Smith et al., 2002; Xu et al., 2005; Davis et al., 2005; Scott et al., 2006; Kong and Zeng, 2006; Sheldon et al., 2008; Hervais-Adelman et al., 2008; Loebach and Pisoni, 2008; Souza and Rosen, 2009; Huyck and Johnsrude, 2012; Shofner, 2014; Rosen, 2015, 2017a; 2017b; Roman et al., 2016; Senan et al., 2018) . The widths of the frequency bands are considered to be corresponding to an equal distance on the basilar membrane in the cochlea (Greenwood, 1990) . The rationale for this logarithmic division comes from assigning a roughly equal number of the auditory nerve fibers that connect to the inner hair cells along the basilar membrane to each frequency band. This approach should have some value, for example, in considering a situation that listeners have to perceive not only speech but also other sounds. An entirely different approach, however, is available when we focus on a situation in which we hear only speech, without other competing sounds.
Based on the approach developed by Plomp and his colleagues (Plomp et al., 1967; Plomp, 1976 Plomp, , 2002 Pols et al., 1973) , found that speech of different languages/dialects can be represented through four universal frequency bands, through purely acoustic analyses of speech power spectra. Spoken sentences (58e200, depending on languages)dby 90 native speakers [20 native speakers (10 females and 10 males) in American English and 10 native speakers (5 females and 5 males) in British English, Cantonese, French, German, Japanese, Mandarin, and Spanish]d were passed through 20 critical-band filters. Each filter output was squared and smoothed to obtain power fluctuations. Correlation coefficients were calculated for every possible combination of the power fluctuations, yielding correlation matrices for all speech samples and each language, which were submitted to principal component analysis. The first 2e6 principal components were submitted to varimax rotation to yield factors. The factor loading curves of three and four factors showed a very similar pattern. Thus, took crossover frequencies of factor loading curves as frequency boundaries (540, 1700, and 3300 Hz) of the four frequency bands in eight different languages/dialects. These frequency boundaries, which are largely different from those of logarithmic divisions, produced highly intelligible noise-vocoded speech in German and Japanese (Ellermeier et al., 2015) . Japanese noisevocoded speech that was resynthesized directly from these factors exhibited a high intelligibility (Kishida et al., 2016) . These factors are related to phonemic categories, because the three general phonemic categories, i.e., vowels, sonorant consonants, and obstruents, are distinctly configured in the Cartesian factor space that are constructed by 3-factor analysis of a speech database in British English with phonemic labels . Moreover, one of the factors exhibits strong correlations (0.82e0.87) with sonority scales that have been proposed by linguists to account for hierarchical order of phonemes in syllables , and this factor also indicates development in speech rhythm during early childhood: 24-month-old children exhibited distinct rhythm patterns which were not apparent in 15-month-old children (Yamashita et al., 2013) . thus found four universal frequency bands, obtained from crossover frequencies of factor loading curves reflecting either three or four factors. In the three-factor case, one factor showed a peculiar, bimodal shape; the factor dominated the lowest as well as the second highest frequency band. In the fourfactor case, these two frequency bands were each dominated by different factors. The cumulative contributionsdrepresenting proportions of variance explained by the factorsdof the four-factor solutions (40e47%) were about 7% larger than those of the threefactor solutions (33e41%).
The frequency boundaries found by Ueda and Nakajima can be adopted in producing 4-band noise-vocoded speech. Theoretically, however, adopting the three-factor results, i.e., using three amplitude envelope patterns, to generate 4-band noise-vocoded speech means to drive two of the four separated frequency bands together with the same amplitude envelope pattern, while to drive the other two frequency bands with another two amplitude envelope patterns independently. Shannon et al. (1998) suggested that distortions introduced into frequency division of noise-vocoded speech could have large detrimental effects: analyzing speech with linearly spaced filters and synthesizing noise-vocoded speech with logarithmically spaced filters and vice versa yielded totally unintelligible stimuli. Their study provides a very good starting point for further investigations; it is best to use the same frequency division in analyzing and synthesizing noise-vocoded speech for minimizing its intelligibility loss. Still, the detrimental effects found by Shannon et al. (1998) might have partly affected by disregarding frequency specificity of amplitude envelope patterns; distorting frequency division between analysis and synthesis also means bringing an amplitude envelope pattern into a different frequency region from the original. To clarify a potential effect of distortion introduced in frequency specificity of amplitude envelope patterns, it is conceivable to examine the effect of blending or exchanging amplitude envelope patterns across frequency bands on intelligibility.
However, no systematic investigation has been done on the effects of blending or exchanging amplitude envelope patterns of noise-vocoded speech while keeping the same frequency divisions in analysis and synthesis, to the best of our knowledge. Thus, we hypothesize that blending (in Hypothesis H B ) or exchanging (H Ee ) amplitude envelope patterns of noise-vocoded speech affects intelligibility irrespective of combinations between frequency bands. Three experiments were performed: amplitude envelope patterns in different bands were blended in Experiment 1, pairs of envelope patterns were exchanged in Experiment 2, and pairs of average levels were exchanged in Experiment 3. Experiment 1 focused on examining the first hypothesis, H B , by blending amplitude envelope patterns among frequency bands of every possible combinations, while keeping the average spectral levels of frequency bands unchanged. Although blending amplitude envelope patterns is necessary to see the effects of overriding frequency boundaries among frequency bands on intelligibility, it also reduces number of amplitude envelope patterns. Experiment 2 was conducted to test the second hypothesis, H Ee , with focusing on frequency specificity of amplitude envelope patterns more directly by exchanging pairs of amplitude envelope patterns, fixing frequency boundaries of the frequency bandsdtherefore the number of frequency bands, toodand an average level of each frequency band. Experiment 3 was supplementary to Experiment 2, examining the effect of exchanging the levels of frequency bands on intelligibility. The average levels of frequency bands are generally highest in the lowest frequency band and gradually decrease towards the high frequency side. Distorting this natural pattern may affect intelligibility to some extent (H El ).
Experiment 1
The purpose of Experiment 1 was to examine the effect of blending amplitude envelope patterns among frequency bands of every possible combinations, while keeping the average spectral levels of frequency bands unchanged.
Method

Participants
A total of 14 native speakers of Japanese (5 females and 9 males; mean age ¼ 23.6 years, standard deviation ¼ 2.1, range ¼ 21e29) with normal hearing participated. All participants were unpaid volunteers. They gave informed consent in compliance with the protocol approved by the Ethics Committee in Faculty of Design, Kyushu University (approval number: 70). All methods employed were in accordance with the guidelines provided by the Japanese Psychological Association.
Stimuli and conditions
A total of 85 Japanese sentences uttered by a male native speaker were extracted from a commercial speech database (NTT-AT, "Multi-lingual speech database 2002," NTT Advanced Technology Corp., Kawasaki, Japan). These speech sentences had been recorded with a 16-kHz sampling rate and 16-bit quantization. The recorded speech samples were edited to eliminate irrelevant silent periods and noises by inspecting waveforms and hearing sound, leaving silent margins of about 10 ms before and after each sentence. The average duration of a sentence was 2.5 s with the standard deviation of 0.38. The average number of morae per sentence was 18.3 with the standard deviation of 2.78.
Noise-vocoded speech was synthesized from the edited speech samples. The speech samples passed through either a 20-or a 4-channel filter bank (Table 1) . Each filter was constructed as a concatenate convolution of an upward frequency glide and its temporal reversal. Transition regions were 100 Hz wide, with outof-band attenuations of 50e60 dB. Then the amplitude envelopes were extracted at each channel output. The envelopes were calculated as the following. Each filter output was squared to obtain power. The power was smoothed with moving average of three consecutive frames weighted with a Gaussian window of s ¼ 7:5 (ms), which was equivalent to a lowpass filtering with a 28-Hz cutoff. The power ratio between the filtered speech and a band noise with a corresponding bandwidth was obtained. The band noise was modulated with the square root of the ratio, which approximately corresponded to an amplitude envelope. In the experimental conditions that any blending took place (i.e., all conditions in Table 2 except for conditions 1e3), amplitude envelopes were averaged in the dimension of squared amplitude to yield a blended envelope pattern, while an average spectral shape was kept as in the original 4-band noise-vocoded speech, i.e., condition 3 (Fig. 1) . Condition 2 also included band blending, but the original 20-band spectral shape was kept in this control condition. The signal processing was performed with in-house programs written in J language.
Procedure
Five blocks of 17 trials consisting of different conditions in a random order were assigned to each participant, with sentences randomly assigned to each trial. All stimuli were stored in a computer (HP Compaq, 6710b, HP, Tokyo, Japan), and were generated through a USB audio interface (Roland, UA-4FX, Roland Corp., Shizuoka, Japan). The stimuli were presented diotically in a soundproof booth (Music cabin, SC3, Takahashi Kensetsu, Kawasaki, Japan) through headphones (STAX, SR-303, Stax Ltd., Fujimi, Japan) driven by a headphone adaptor (STAX, SRM-1/MK-2). The average presentation level was adjusted to about 74 dB SPL, using a 1-kHz calibration tone included in the speech database. The sound pressure level was measured by using an artificial ear (Brüel & Kjaer, type 4153, Brüel & Kjaer Sound & Vibration Measurement A/S, Naerum, Denmark), a condenser microphone (Brüel & Kjaer, type 4192), and a sound level meter (Brüel & Kjaer, type 2260).
Each sentence was repeated three times within each trial, with an inter-stimulus-interval of about 1 s. The repetition of presentation in a trial was decided because previous investigations with degraded speech stimuli without feedback also employed a similar number of repetition in stimulus presentation (e.g., Kiss et al., 2008; Remez et al., 2013; Roberts et al., 2011; . Participants were instructed to write down what they heard without guessing on a sheet of paper (A4 size, landscape). The letters for transcription were not particularly specified; they were allowed to use hiragana, katakana, or kanji (Chinese characters) as they liked. When only a fragment of the sentence was caught, they were instructed to record the portion at its approximate location on a line scale of 20 cm representing the length of a sentence. No feedback or systematic training was given to the participants during the whole experimental sessions. Table 2 represents average mora accuracy based on the performance in the last four blocks of each participant, because we regarded the first block as practice. In the notation of blending, B signifies blending, and the numbers under upper-lines indicate blended bands with band numbers starting from the lowest in frequency. For example, B 1;2 refers to the condition where blending takes place with band 1 and 2, leaving band 3 and 4 as they are. The Table 1 Filter settings. The center frequencies and passbands are expressed in Hz. The 20-band setting was based on critical bandwidths (Zwicker and Terhardt, 1980) . The 4-band setting was based on the frequency boundaries found by following statistical analyses were performed on the arcsine transformed (Snedecor and Cochran, 1989 ) mora accuracy. The number of envelope patterns in synthesis was the most prominent variable that determined the performances [Fð4; 52Þ ¼ 434:3; p < 0:05]. That is, the performances deteriorated when the numbers of envelope patterns decreased. a Conditions 2 and 3 yielded very similar stimuli except for their spectral shapes. These two conditions were included to check the stimulus generation process and reproducibility of the experiment. The vowel /u/ in auxiliary verbs /desu/ and /masu/ at the end of a sentence is often unvoiced in Japanese.
Results
Closer examination with multiple comparisons (the Tukey's HSD tests, p < 0:05) revealed the following. : all four bands were blended, i.e., 1-band noise-vocoded speech in practice; 6.8%) was significantly less intelligible than any other conditions.
Discussion
Nearly perfect intelligibility was obtained in the 20-and 4-envelope-pattern conditions (conditions 1 through 3; 96.1% on average). The performance in the 4-envelope-pattern conditions (conditions 2 and 3; 94.4% on average) was remarkable, given that no feedback or training was provided to the participants. Previous investigations indicated that an extensive trainingdeither participants were exposed to the stimuli consecutively for 8 or 10 h without feedback (Shannon et al., 1995) , or the experiments were accompanied by definite feedback like presenting clear speech or a printed answer (Davis et al., 2005; Sheldon et al., 2008; HervaisAdelman et al., 2008 )dwas necessary to achieve more than 60e90% word accuracy. The frequency settings in noise vocoding that were determined by by factor analyses may account for the high performance. The repetition introduced during stimulus presentation may have also contributed to the high performance.
Compared with the results obtained by Ellermeier et al. (2015) , in which Japanese (and German) noise-vocoded speech with comparable boundary frequencies were employed, including 20-, 4-, 2-, and 1-band conditions, the effect of reducing the number of frequency bands looks very similar. Ellermeier et al. yielded correct mora identification of 100% for the 20-band condition, 86% for 4 bands, 47% for 2 bands, and 4% for 1 band. Their 20-band condition corresponds to condition 1 (99.5%) in the present experiment, the 4-band condition to condition 3 (94.1%), the 2-band condition to condition 10 (42.7%), and the 1-band condition to condition 17 (6.8%). Thus, in both investigations the number of envelope patterns primarily determined the performance.
The present investigation revealed that specific combinations of the blended bands also affect the intelligibility, i.e., conditions 8 and 9 (B 2;4 and B 3;4 ; 82.1 and 85.6%) yielded significantly higher intelligibility than condition 4 (B 1;2 ; 64.6%), and the other combinations of bands (conditions 5e7, i.e., B 1;3 , B 1;4 , and B 2;3 ; 75.3e79.8%) came in-between within 3-envelope-pattern conditions. But none of the combinations within 3-envelope patterns ever reached the level of performance with 4-envelope patterns (conditions 2 and 3; 94.4% on average). Likewise, within 2-envelope patterns, condition 16 (B 2;3;4 ; 51.1%) yielded significantly higher intelligibility than condition 14 (B 1;2;4 ; 28.7%), and the other combinations of bands (conditions 10e13 and 15, i.e., B 1;2;3;4 , B 1;3;2;4 , B 1;4;2;3 , B 1;2;3 , and B 1;3;4 ; 35.2e42.7%) came in-between.
To grasp the whole picture of results in a systematic waydtaking into account both the number of envelope patterns and combinations of bands in synthesis, we needed an index representing a feature of blending combinations. Thus, we defined a center of blending in critical bands as a centroid of blended bands expressed in critical-band numbers, as indicated in the rightmost column in Table 2 1. The number of envelope patterns: the smaller the number of envelope patterns, the lower the intelligibility. 2. The center frequencies of the blended bands: the lower the centroid frequency of blended bands, the lower the intelligibility.
Thus, the first hypothesis, H B , stating that blending amplitude envelope patterns of noise-vocoded speech affects intelligibility irrespective of combinations between frequency bands, is partially supported: Blending amplitude envelope patterns does affect intelligibility, but the extent of deterioration in intelligibility is also affected by the center frequencies of the blended bands.
Experiment 2
The purpose of Experiment 2 was to examine the effect of exchanging amplitude envelope patterns of two bands on intelligibility, while keeping the total number of amplitude envelope patterns and the average spectral levels of frequency bands unchanged. Since Experiment 1 revealed that the numbers of amplitude envelope patterns primarily determines the performance, it was necessary to see whether the frequency positions of amplitude envelope patterns were important or not, when the number of amplitude envelope patterns was fixed.
Method
Participants
A total of 12 participants with normal hearing, consisting of 5 females and 7 males (mean age ¼ 26.6 years, standard deviation ¼ 7.3, range ¼ 21e45), participated in Experiments 2 and 3. They were unpaid volunteers who gave informed consent in compliance with the protocol approved by the Ethics Committee in Faculty of Design, Kyushu University (approval number: 70); all methods employed were in accordance with the guidelines provided by the Japanese Psychological Association. None of the participants participated in Experiment 1.
Stimuli and procedure
A total of 35 Japanese sentences uttered by a male speaker (the average duration per sentence was 2.4 s with the standard deviation of 0.32; the average number of morae per sentence was 17.3 with the standard deviation of 2.71), which were not used in Experiment 1, were extracted from the same database as in Experiment 1. All stimuli consisted of 4-band noise-vocoded speech, which were generated with in-house programs written in J language. The frequency divisions are presented in Table 1 .
Amplitude envelope patterns in the experimental conditions were exchanged across two frequency bands, while the average spectral level in each frequency band was fixed (Fig. 2) . The exchanges, in every possible combinations of two frequency bands out of four, yielded six experimental conditions: Ee 1;2 , Ee 1;3 , Ee 1;4 , Ee 2;3 , Ee 2;4 , and Ee 3;4 , where E signifies exchanging, e signifies envelopes, and numbers in sub-indices represent exchanged bands with band numbers starting from the lowest in frequency. The original 4-band noise-vocoded speech served as a control condition (C). Five blocks of 7 trials consisting of different conditions in a random order were assigned to each participant. The other parts of noise-vocoding and the experimental procedure, including the measurement procedure, followed those in Experiment 1, except for the following two points. First, a Gaussian window of s ¼ 5 (ms) in moving-averaging with three consecutive frames, which was equivalent to a low-pass filtering with a 45-Hz cut-off, was employed in smoothing the power after each filter output was squared. Second, the average presentation level of stimuli was set at about 60 dB SPL this time.
Results
Fig . 3 shows the results. Arcsine-transformed (Snedecor and Cochran, 1989 ) mora accuracy was submitted to multiple comparison (the Tukey's HSD tests, p < 0:05), which yielded significant differences among conditions C, Ee 1;3 , and Ee 3;4 . The differences between these three conditions and the other four conditions (Ee 1;2 , Ee 1;4 , Ee 2;3 , and Ee 2;4 ) were also significant. The other combinations yielded no significant difference.
The exchanges had in general large deteriorative effects on intelligibility, but the amount of deterioration depended on the combinations of the bands. Compared to the intelligibility in condition C (91.7%), condition Ee 3;4 retained surprisingly high intelligibility (76.6%), whereas condition Ee 1;3 exhibited only moderate intelligibility (41.2%), and the other conditions (Ee 1;2 , Ee 1;4 , Ee 2;3 , and Ee 2;4 ) yielded very low intelligibility (21.5, 10.9, 15.2, and 9.3%, respectively). The performances in the last four conditions are very close to 6.8%, i.e., the performance in the condition of 1-band noisevocoded speech in Experiment 1 (condition 17; B 1;2;3;4 ), which has no frequency resolution at all. Table 1 . The dashed line represents the average mora accuracy of the 1-band condition in Experiment 1 (condition 17, 6.8%). Error bars represent s. e.m.
Discussion
Analysis of intelligibility and hypothesis testing
These results suggest that most combinations of the amplitude envelope patterns have strong frequency specificity, i.e., it is not enough to preserve the two amplitude envelope patterns in somewhere else but they have to be kept in their original frequency positions, otherwise the intelligibility drops nearly to the level that of a stimulus having no frequency resolution at all, even the other two amplitude envelope patterns are kept in their original frequency positions. Thus, the hypothesis, H Ee , which states that exchanging amplitude envelope patterns of noise-vocoded speech affects intelligibility irrespective of combinations between frequency bands, is partly supported; basically, the exchange largely affected intelligibility, but in a couple of the combinations of frequency bands, i.e., Ee 3;4 and Ee 1;3 , the degree of deteriorations was slight to moderate.
Analysis of confusions
Although the above analysis, which is based on mora accuracy, provides a good test of the hypothesis, H Ee , more detailed analysis on the participants' responses is needed to clarify the cause of differences observed in intelligibility. Thus, tables were constructed to show the number of presented vowels and consonants (Table 3) , percentages of accuracy in morae, vowels, and consonants (Table 4) , and confusion matrices between the presented phonemes and responses for vowels (Table 5 ) and consonants (Tables 6e12). Table 3 shows that most of the phonemes appeared frequently enough in each condition, however, /p/ never appeared in Ee 1;2 and Ee 2;3 , and just once in Ee 2;4 and Ee 3;4 . Thus, /p/ was omitted from the following analyses. The characteristics of the response rates, accuracy, and confusion matrices are summarized as follows.
1. Response rates. The average response rates changed in a similar way todbut predictably with higher percentages thandthe mora accuracy (intelligibility): in the control condition, C, the response rates were 96.2% in vowels (Table 5 ) and 95.4% in consonants (Table 6) , whereas in the condition Ee 3;4 , they were 87.6 and 80.5% (Tables 5 and 12 ), in Ee 1;3 , 58.0 and 60.0% (Tables 5 and 8) , and in Ee 1;2 , Ee 1;4 , Ee 2;3 , and Ee 2;4 , 42.5, 28.8, 39.0, and 30.6% in vowels (Table 5 ) and 34.1, 28.2, 35.9, and 29.5% in consonants (Tables 7, 9e11 ). Correlation coefficients Table 3 The number of vowels and consonants that appeared in each condition in Experiment 2 (5 sentences out of 35 were randomly assigned to each condition for each participant). Condition C refers to the control condition, where the original 4-band noise-vocoded stimuli were presented. Numbers in sub-indices in the experimental conditions (Eex;y) represent the exchanged bands. /N/ indicates a syllabic nasal, /Q/ a glottal stop, and /-y/ a palatalized consonants, including /ty, ky, sy, gy, zy, ry/. between the mora accuracy and the response rates for vowels and consonants were 0.996 and 0.992, respectively. Thus, the mora accuracy was highly correlated with the response rates for both vowels and consonants. 2. Accuracy. Percentages of accuracy in morae, vowels, and consonants are summarized in Table 4 . Correlation coefficients between percentages of accuracy in morae and vowels, and morae and consonants were 0.999 and 0.998, respectively. Thus, the accuracy in morae was highly correlated with the accuracy in both vowels and consonants. 3. Confusions in vowels (Table 5) . The control condition, C, exhibited almost perfectly correct responses in all vowels (93.1e94.7%), whereas the other conditions showed specific patterns of errors as follows.
Condition Vowels Consonants
(a) Confusions of /e, i, u, o/ with /a/ (16.8, 5.9, 9.9, and 6.4%) were prominent ( > 5:0%) in Ee 1;2 . This implies that height of the tongue was perceived to be lower than in the original. (e) Confusions of /e, i, u/ with /a/ (11.2, 8.3, and 7.1%), /a, u, o/ with /i/ (5.2, 5.6, and 7.6%), and /o/ with /u/ (9.9%) were prominent ( > 5:0%) in Ee 2;4 , implying that perception of both height and backness of the tongue was affected. 4 Confusions in consonants.
(a) Condition C (Table 6 ): Confusions of /h/ with /k/ (13.0%), /w/ with /m/ (5.6%), and /y/ with /h/ (12.5%) were prominent ( > 5:0%). Probably vowel parts after /k/ were confused as aspiration in /h/ because of noise-vocoding, the frequency resolution in noise-vocoding was not enough to preclude the small amount of errors of /w/ with /m/, and /y/ was sometimes indistinguishable from /h/ without any harmonic structure. (b) Condition Ee 1,2 ( (Table 8 ): Confusions of /h/ with /m, n/ (7.7% each), /g/ with /r, w, y, -y/ (3.8% each), and /y/ with /n/ (12.5%) were characteristic, implying that perception of manner of articulation was affected. (Table 9) : Confusions among /t, k, s, b, d, g, z, m, n/ (1.1e9.5%), /y/ with /t, g/ and vowels (9.1% each), /r/ with /k/ (4.8%), /N/ with /s/ (4.3%) and vowels (8.7%), /s, g, z, m, n, N, -y/ with /r/ (1.3e4.3%), and /h/ with /y/ (4.8%) occurred, implying that perception of voicing, manner of articulation, and place of articulation was affected. (f) Condition Ee 2,3 (Table 10 ): /y/ was unable to be correctly perceived. /t, k, s/ were confused each other (1.1e6.5%).
Confusions of /h/ with /b, y/ (7.1%), /b/ with /m/ (16.7%), /d/ with /k, s, b, g/ (2.2e4.4%), /s, d, n/ with /m/ (3.6e6.7%), /n/ with /r/ (7.9%), and /t/ with /-y/ (6.5%) were characteristic. Confusions of /N/ with vowels, /h, w/ with /y/, /y/ with /w/, and /-y/ with /t, k, s, h/ (6.3e12.5%) occurred. It is suggested that perception of manners of articulation was affected in Ee 2;3 , probably because transitional cues in formants were degraded. (g) Condition Ee 2,4 (Table 11 ): /b, z, w, -y/ were unable to be correctly perceived. Confusions among /t, k, s/ were observed (2.8e13.9%; although /s/-to-/k/ confusion was not observed). Confusions of /h/ with /k, s, d, w/ (4.8e9.5%), /b/ with /z, r/ (7.7% each), /d/ with /k, b, g, z, m, n, N, r/ (2.1e6.3%), /z/ with /k, s, m, w/ (4.2e12.5%), /m/ with /t, k, s, h, b, d, g, z, n, r, y, -y/ (1.3e5.0%), /n/ with /t, k, b, g, z, m, N, r/ (1.4e4.3%), /N/ with /n, r/ (6.7% each) and vowels (3.3%), /r/ with /t, k, b/ (2.7% each), /w/ with /N, r/ (7.7% each), and /-y/ with /t, s, y/ (4.3e13.0%) were observed. It is suggested that perception of nasalization, place of articulation, and manner of articulation was affected in Ee 2;4 .
(h) Condition Ee 3,4 (Table 12 ): Confusions of /h/ with /t, k, g/ (6.3% each), /b/ with /w/ (11.1%), /g/ with /n, w/ (6.7 and 13.3%), /z/ with /k/ (14.3%), /n/ with /m/ (5.9%), /w/ with /m, n/ (7.7% each), and /y/ with /b/ (12.5%) were prominent ( > 5:0%), implying that perception of manner of articulation was affected in some consonants.
Thus, each frequency band bears perceptual cues that is specific to its frequency; exchanging frequency positions of just two of the amplitude envelope patterns caused not only significant deterioration in intelligibility, but also largely different patterns of errors in speech perception, depending on the combinations. Especially the frequency position of the envelope patterns in the lowest two bands ((1850 Hz) seemed important (conditions Ee 1;2 , Ee 1;4 , Ee 2;3 , and Ee 2;4 ; Tables 5, 7, 9e11). This is possibly because the lowest two bands cover the whole range of vowels' F 1 and roughly the lower half range of F 2 (e.g. Peterson and Barney, 1952) ; it would be very difficult to infer vowels if those bands are misplaced. Transitional cues in formants, which characterize consonants, were also severely degraded by exchanging the envelope patterns in the lowest two bands. The lowest frequency band should contain a cue in discriminating voicing; a short preceding burst or a continuous flow in the lowest band may work as a cue of voicing, even without any distinct periodicity or harmonicity (conditions Ee 1;2 , Ee 1;3 , and Ee 1;4 ; Tables 7e9).
Rationale for the next experiment
Although the effects of exchanging amplitude envelope patterns were specific to the combinations of the frequency bands, changing spectral levels of envelope patterns from their originals might have contributed to the deterioration in intelligibility, too. For example, exchanging the envelope patterns of bands 1 and 4 brought more than 30 dB change in levels in each pattern. This drastic change in levels may have caused some deterioration in intelligibility. Thus, an additional experiment to check the effects of spectral-level distortions on intelligibility was conducted.
Experiment 3
The purpose of Experiment 3 was to examine the effect of exchanging average spectral levels of two bands on intelligibility. Generally, the lower the frequency band, the greater the average spectral level. Distorting this pattern may affect intelligibility.
Method
The experimental method employed in Experiment 3 was almost the same as that employed in Experiment 2. The differences were the following two points.
1. Another 35 Japanese sentences (the average duration per sentence was 2.3 s with the standard deviation of 0.41; the average number of morae per sentence was 17.4 with the standard deviation of 2.92), which were not used neither in Experiment 1 nor in Experiment 2, were extracted from the database.
2.
The average spectral level in each of the four bands was calculated in each original sentence. The level of each frequency band was arranged according to seven conditions: a control condition (C), in which the original spectral levels were kept, and six experimental conditions (El 1;2 , El 1;3 , El 1;4 , El 2;3 , El 2;4 , and El 3;4 , where E signifies exchanging, l signifies levels, and numbers in sub-indices represent exchanged bands with band numbers starting from the lowest in frequency), in which the average spectral levels were exchanged in every possible combinations between two frequency bands out of four (Fig. 4) . The average spectral level of each frequency band over 35 sentences in the original 4-band noise-vocoded speech was, when putting the level of band 1 as 0 dB, À10 dB in band 2, À26 dB in band 3, and À33:5 dB in band 4. All stimuli were generated with in-house programs written in J language.
The same 12 participants as in Experiment 2 took part. The order of performing Experiments 2 and 3 was counter-balanced among the participants.
Results
Fig . 5 shows the results. Arcsine-transformed (Snedecor and Cochran, 1989 ) mora accuracy was submitted to multiple comparison (the Tukey's HSD tests, p < 0:05), which yielded significant differences between the conditions of high accuracy, i.e., C, El 1;2 , and El 3;4 (93.5, 96.1, and 92.5%) , and the conditions of low accuracy, i.e., El 1;4 , El 2;3 , and El 2;4 (78.9, 73.2, and 72.6%). The performance in condition El 1;3 (90.0%) exhibited no statistically significant difference from any other conditions.
Discussion
As regards spectral-level difference between two bands, the combination between the lowest band and the highest band, i.e., condition El 1;4 had the largest differenced33.5 dB difference in average (see, for example, Fig. 4a ), but the performance was not significantly different from those in conditions El 2;3 and El 2;4 , which had only 16 and 23.5 dB differences respectively. Moreover, the performance in condition El 1;3 , which had 26 dB difference between the first and third bands, was not significantly different from any other conditions.
It is difficult to explain why this pattern of results emerged. Still, the intelligibility was kept above 70% irrespective of the pairing. Thus, the distortion introduced in the patterns of average spectral levels affects intelligibility of speech in some conditions, i.e., H El is partly supported, but to a lesser degree, compared to the drastic changes caused by exchanging amplitude envelope patterns.
General discussion
The present investigation revealed the importance of the amplitude envelope patterns in four frequency bandsdnot only their numbers, but also their position in frequency, but not their average levels, which had only minor effectsdin speech perception, based on the following experimental results. Experiment 1, band-blending experiment, showed that the number of envelope patterns and center frequency of the blended bands were two main variables, which affected the intelligibility of noisevocoded speech. Experiment 2, in which amplitude envelope patterns were exchanged between two frequency bands, revealed conspicuous frequency specificity of power fluctuations; especially when either one or two in the lowest two frequency bands ((1850 Hz) were involved, most of the exchanges led to a very low intelligibility (9.3e21.5%). Experiment 3, in which average spectral levels of frequency bands were exchanged, showed small but significant effects on intelligibility by constant spectral-level distortions; nevertheless, above 70% of intelligibility was kept regardless of distortions. Throughout the experiments, 4-frequency-band noise-vocoded speech exhibited high intelligibility (more than 90%) without any systematic training or feedback (cf. Ellermeier et al., 2015; Kishida et al., 2016) .
The frequency specificity of the amplitude envelope patterns in the lowest two frequency bands, i.e., the strong ties of these amplitude envelope patterns with their original frequency ranges, which was revealed in Experiment 2, could be related to the ability of listeners to extract spectral information, i.e., "frequency contours of the underlying formants" (Roberts et al., 2011 ) from noisevocoded speech; placing the amplitude envelope patterns in improper frequency leads to incorrect formant estimation, making a sentence unintelligible. At the same time, the amplitude envelope patterns in the highest two frequency bands exhibited milder frequency specificity, suggesting that the amplitude envelope patterns in these frequency bands may be related more to timing, which can be less related to frequency, i.e., formant estimation. A support for this conjecture comes from Nakajima et al. (2017) , which suggested with British English observations that the highest frequency band almost solely distinguished obstruents, whereas the lower three frequency bands were related to vowels and sonorant consonants. Moreover, they provided an evidence showing that one of the factors, which dominated the second lowest band, had strong correlations with aperture (de Saussure, 1959) or sonority (Selkirk, 1984; Harris, 1994; Spencer, 1996; Ball and Müller, 2016) scales. Probably the second lowest band is important because it conveys perceptual cues indicating sonority.
In conclusion, the present investigation clarified the following five points. First, the way of frequency division proposed by was effective in producing 4-band noisevocoded speech of more than 90% intelligibility without any systematic training or feedback. Second, intelligibility of noisevocoded speech with blending amplitude envelope patterns in pairs of frequency bands depended on both the number of frequency bands and the center frequency of blended bands. Third, when a pair of amplitude envelope patterns was exchanged, intelligibility of noise-vocoded speech deteriorated, but the extent of deterioration and the patterns of confusions among vowels and consonants greatly depended on the combination of exchanging bands, i.e., strong frequency specificity of the amplitude envelope patterns was exhibited. Fourth, the amplitude envelope patterns in the lowest two frequency bands ((1850 Hz) were more strongly connected to frequency than the upper two frequency bands, because exchanging the amplitude envelope patterns involving either one or two of the lowest two frequency bands resulted in more than 50% loss in intelligibility. Fifth, exchanging average spectral levels of a pair of frequency bands caused small deterioration of intelligibility. Thus, the four frequency bands found by and frequency specific amplitude envelope patterns are important in speech perception. . Mora accuracy obtained in Experiment 3. Condition C signifies the control condition, in which original 4-band noise-vocoded stimuli were presented. In other experimental conditions the average spectral levels were exchanged across two bands, while an amplitude envelope pattern in each band were kept as in the original. Numbers in sub-indecies represent the exchanged bands. The band numbers refer to the bands in Table 1 . Error bars represent s. e.m.
